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We have developed a novel Teal time" quamiwiWc PCR method. The method measure KIR product 
accumulation through a dual-labeled nuorogenlc probe (Lc, TaqMan Probe). This method prw ^ vwy 
accurate and reproducible quantitation of gene copies. Unlike other quantitative PCR methods, real-time PCR 
does nor require post-PCR sample handling, preventing potential PCR product carry-over contamination and 
resulting tn much raster and higher throughput assays. The rea mme PCR method has a very large dynamic 
ranee of starting target molecule determination (at but five orders of magnitude). Reahlme ouanthartvc 
PCR is extremely accurate and less labor-intensive than current quantitative PCR methods. 



Quantitative nucleic acid sequence analysis Mas 
had an important role in many fields of biologi- 
cal research. Measurement of gents expression 
(RNA) has been used extensively In monitoring 
biological responses to various stimuli flan ft al. 
1994; HuaiiR et al. I995a,b; Prud'homme et al. 
1995). Quantitative gen* analysis (DNA) has 
iHt-rt used to cU-term'mc the gen on m quantity of a 
particular gene, as in the case, of tlic human HEK2 
gene, which Is amplified in -30% of breast tu- 
mors (Slamon et al. 1987). Gene and genome 
quantitation (DNA and UNA) also have been used 
for analysis of human immunodeficiency virus 
(lllV) burden demonstrating changes in the lev- 
els of virus throughout the different phases of the 
disease (Connor et al. 1993; Plutak el al. jvv:sb; 
1-urrado el al. 1V9S). 

Many methods have been described for tlu: 
quantitative analysis ot nucleic acid sequences 
(both for RNA and DNA; Southern 1V/6; Sharp et 
al. 1980; Thomas 1980). Recently, PCR has 
proven to be a powerful tool for quantitative 
nucleic acid analysis, PCR and reverse transcrip- 
tase (RT)-PCR have permitted the analysis of 
minimal starting quantities of nucleic acid (as 
little as one cell equivalent). This has made pos- 
sible many experiments that could not hove been 
performed with traditional methods. Although 
PCR has provided a powerful tool, it is imperative 



that It be us«U properly for qunntStutlon (tta«y- 
maekers 1995). Many early reports of quantita- 
tive PCR and RT-PCR described quantitation of 
the PCR product but did not measure the Initial 
target sequence, quantity. It is essential to design 
proper controls for the quantitation of the initial 
target sequences (Pcrrc 1992; dementi et al. 
100?.) 

KeNW«fchers have, developed several methods 
of quantitative PCR and RT-PCR. One approach 
measures PCR product quantity in the log phase 
of the reaction before the plateau (Kellogg et al. 
1990; Pang ct a). 1990). This method requires 
that each sample has equal input amounts of 
nucleic add and that each sample under analysis 
amplifies with klent leal efficiency up to the. point 
of quantitative analysis. A gene sequence (con- 
tained in all samples at relatively constant quan- 
till«?=i, such as p-aclln) can be us«d for sample 
u»i|»lification efficiency normalization. Uslnfl 
conventional methods of PCR detection and 
quantitation (gel electrophoresis or plate capture 
hybridization), it is ejciremcly laborious to assure 
thatall samples are analyzed during the log phase 
of the reaction (foT both the target gene and the 
normalization gene). Another method, quantita- 
tive competitive (QC)-RCR, has l>een developed 
and is used widely for PCR quantitation. QC-PCR 
relics on the inclusion of an internal control 
competitor in each reaction (Beckei-Andre 1991; 
Matak ct al. 199a«,l>). The. efficiency of each re- 
action is normalized to the inlcrnol competitor, 
A Ifimwn amount of internal competitor can bo 
annrv 7nc« no/ wj rc:*t ?nn7/cn/7T 
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added to each sample. To obtain relative rp'ant- 
tollon, the unknown target PGR product is com- 
pared with the known competitor IK'.R product. 
.Success of a quantitative competitive I'CU assay 
re.li«soii developing an Internal control that am- 
plifir* with the same efficiency as the Uugel jooI- 
ccule. TJlC design Of the coinpctitoi and the vali- 
dation of amplification efficiencies acquire a 
dedicated effort. However, because QfM'CH dwj 
not require that HC'.K pioducts be analyzed during 
the log phase of Ihu amplification, it 5s tlu: easier 
of the two methods to use. 

Several detection system* uiv used for quan 
Utative l'Ck and RT-I'CK analysis; (1) agarose 
gels, (2) .fluorescent labelluK of K'.U products nnd 
detection with Insirr-iiiduced fluorescence using 
capillar^' electrophoresis (Fiasco et al. 1995; Wil- 
liams er al. 1 996) or acrylamkle gels, ami (3) |jl;»tc 
capture, and sandwich probe liybrldlv-ation (Mul- 
der el al. 1994;. Although these mk'OuhIn proved 
successful, each method requires posl-l'CR ma- 
nipulations Thar add time to the analysis and 
(liay lead to laboiatoty i onlnuiluation. The 
sample throughput of Uicw inrlhtids I.n limited 
(wllli Hie exception of the plate capture ap- 
proach), and, therefore, these method* ore not 
well suited fuj unes demanding high sample 
throughput (I.e., screening of large numbers of 
hlotiuil«.ul<r:> »i ai ittlyv.lil^ .ItUlipIvs lu> diagnos- 
tics or clinical trials). 

Here, we report the development of « novel 
assay for quantitative DNA analysis. The assay is 
based on tl«<: use of the 5' nuclease assay first 
described by Holland et al. (1991 J. The method 
uses the 5' nuclease, activity of 'l\uj polymerase to 
cleave a noncxtcndlblc hybridisation probe dur- 
ing the extension phase of I'Clt. Tin: approach 
uses dual-labeled fluorogenic hybridization 
probes (Lcc et al. 1993; ilosslcr el al. 1993; l.lvok 
el al, 199fia,b). One fluorescent dye serves ns a 
reporter |FAM (i.e., G-cnrboxyfluoresecin)! nnd its 
emission spectra is quenched by llic second fluo- 
rescent dye., TAMRA (i.e.., 6-cnrboxy-ietramethyI- 
rhodamine). The nuclease degradation of the hy- 
brkli/iittoii probe releases llie quenching of U)e 
I'AM fluorescent emission, redlining in an In- 
crease in peak fluorescent emission at Sig nm. 
The use of a sequence detector (AUI I'risin) allows 
measurement of fluorescent spectra of all 96 wells 
of rhe tncrmal eyelet continuously during the 
rCiK amplification. Therefore, the reuetious ujc 
monitored in real tune. The output data is de- 
scribed and quantitative analysis of input target 
DNA sequences u discussed below. 



HEAL lIML (.Hi AM I II Al I VI KM 

RESULTS 

PCR Prodtici Derccrlon in Real Time 

The goal wax to develop a high-throughput, sen- 
sitive, and accurate gene quantitation assay for 
use In monitoring lipid mediated therapeutic 
gene delivery. A plasmid encoding human factor 
VU1 gene sequence, pI'8TM (sec. Methods), was 
used as a model therapeutic gene. a5SW y USP<1 
fluorescent Taqman methodology and an instru- 
ment capable of measuring fluorescence in real 
time (AIM I'risin 7700 Sequence Dclcrlnr). Ilu: 
U'aqtnan reaction requires n hybridization probe 
lalxled witli two different fluorescent dyes. One 
dye Is a reporter dyu (I-'AM), the other is X quench- 
dye (TAMRA). When the prol*: is intact, fluo- 
icstejil energy transfer occurs «n«l the reporter 
dye fluorescent emission is absorbed by the 
quenching dye (TAMRA) . During Die extension 
phase of the l'CK cycle, the .fluorescein hybrid- 
l/jillon pfolx: Is cleaved by the 5'-.'l' nuclcolytic 
activity of thr. DNA polymerase. On cleavage of 
the probe, the reporter dye emission is no lunger 
transferred efficiently to the quenching dye, re 
sultinK l>» cm increase of the reporter dyu fluores- 
cent cint-wlciia »p«Ctra. I'CH primers und proljuw 
were designed fc»i Ihu human fhctor Vlll se- 
queocv and human p-actln gene (as described in 
Methods). Optimization reactions were per- 
formed to choose the appropriate probe uml 
-magnesium concentrations yielding the highest 
Intensity of reiiortcr fluorescent signal without 
sacrificing specificity. The Instrument uses a 
cliorgu-cnnplcd device (i.e., CCD eamerti) for 
measuring the fluorescent emission apeelrti from 
SOO to C$0 nm. liach VC.ll lul>c was monitored 
sequentially for 25 rns«e with continuous moni- 
toring throughout the oni|ilifieatioii. lidch lube 
won re.-exandncd every B.S see. Cc>niputcr x>fl- 
ware. was dt^ipned to examine thr fluorescent In- 
tensity of both the reporter dye (I'AM) and 
the quenching dye (TAMRA). The fluorescent 
intensity of the quenching dye, TAMRA, changes 
very Utile over the course of the PCR amplifi- 
cation (data not shown). Therefore, the Intensity 
of TAMRA dye emission serves as an Internal 
standard with which to noi'mulUm the reporter 
dye (FAM) emission varintjons. The software cal- 
culates a vah«: termed iRn (or ARO) uslnj; the. 
following equation: ARn - (Iln J ) (R">"). where 
Kn^ • emission iotensity of reporter/emissi»m in- 
tensity of quencher at any given time In o re«c 
Hon tube, and Ru - emission intensilily o£ re- 
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ponciycmlsslon tmvmily wf quencher measured 
prior to I'CK amplilication in that same reaction 
tube. For the purpose of quantitation, the lasi 
three data points (ARns) collected during the. ex- 
tension step for each K:K cycle were analyzed. 
The nuc.leolytic degradation of the. liyuiidi^ition. 
probe occurs (Hiring the extension phase or real, 
and, therefore, reporter fluorescent ciiiismuii in- 
creases during this time. Hie. Uuce data points 
were averaged for each it* cycle and the menu 
value for each was plotted in an "ampllllcatlon 
plot" shown In WftuK JA. The AKn mean value is 
plotted on the ^axis, and time, represented by 
cycle number, is ploliecl on tliv^-axis. During the 
early cycles of the VCAl amplification, tin- ARn 



value remains at base line when sufficient hy- 
bridization probe has been cleaved by Hie Tun 
ix>lymerase nuclease activity, the intensity a( re. 
porter fluorescent emission llic-reuti't-, Mosl PCR 
ainplifk*lioiis read) » plateau phone of reporter 
fluorowiii emission if the rcm-Uun Is carried out 
lo high cycle numbvis. The amplification plot 1» 
examined vaily in th« fraction, at a point I hat 
n.-j)iesents ilu- log phase of product arnnnula* 
tion. This Is done by assigning an arbiljary 
threshold thai is bused on the variability of the 
base-line data. In Mgure 1 A, the threshold was set 
at It) standard deviations above the mean of 
base lino emission i:alculated from iryc-ka 1 lo 1 5. 
Once the threshold Is chosen, the point at which 
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Figure 1 PCR product detection in real time. (A) The. Model 7700 butlware wilt construct amplifxatbn plots 
from the extension phase fluorescent emission data collected during the PCR amplification. The standard de- 
viation is determined from the data points collected from the base line of the amplification plot. values are 
calculated by determining the point al which the fluorescence exceeds a threshold limit (usually 10 times ine 
standard deviation of the base line). (B) Overlay ot amplification plots of serially (1:2) diluted human genomic 
DNA samples amplified with p-actin primers. (Q Input DNA concentration of the samples plotted versus (.. T . All 
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the amplificotion plot erofcsca tliothrcshold'is tlf 
fined as C,. C, is reported a* the cycle number m 
this point. Ac will be dcmonstrutiKl, thu C, .value 
Is j>ioJl<-iive of ihc quantity of input tnrge.t. 

Cj Values Provide a Quantitative Measurement- of 
Input Targer Sequences 

Plgurc IB shows amplification plots Ol 3i<'dirY«j*- 

cut PGR amplifications overlaid, The omplif»<u- 
tions wore performed on a 1:2 serial dilution (a" 
human genomic DNA. 'Jnc amplified target w:u 
human (J actln. The amplification plots Hhifl to 
the right (to higher threshold cycles) n.i the input 
tflrgot quantity is reduced. This is oxpoctod ho 
cuwm nmctlortK with fewer starting copituc of tho 
target molecule require greater amplification to 
degrade enough probe to attain lite Threshold 
fluorescence. An arbitrary threshold of 10 stan- 
dard deviations above the base line was used to 
determine trie C,- values. Figure 1C represents tl>e 
Q. value* plotted versus the sample dilution 
value, Each dilution was amplified in triplicate 
PC -R amplifications and plotted as mean values 
with error bat s representing one standard devia- 
tion. The C T values decrease linearly with increas- 
ing target quantity. Thus, O r values can be used 
as it quantitative measurement of I lit' input target 
number. It should be noicd that tin* amplifica- 
tion plot for the 15.6-ng sample shown In figure 
IK does not reflect the same fluorescent rate of 
increase exhibited by most of ihc other samples. 
The 15.6-ng sample also achieves endpoint pla- 
teau at a lower fluorescent value than would he 
expected based on the input DNA. This phenom- 
enon has been observed occasionally with other 
samples (data not shown) and may be attribut- 
able to late cycle inhibition; this hypothesis is 
still under investigation. It is important to note 
that the- flattened slope and early plateau do not 
impact significantly the calculated C, value as 
demonstrated t>y the fll on the line shown in 
Figure, i c. All triplicate amplifications resulted in 
very similar C,- values— the standard deviation 
did not exceed 0.5 for any dilution. This experi- 
ment contains a > 1 00,000-fold range of Input tar- 
get molecules. Using C ( - values for quantitation 
permits a much larger assay range than directly 
using total fluorescent emission intensity for 
quantitation. The linear range ol llitorcsccnl in- 
tensity measurement of the. AIM I'rlsni 7700 Se- 



mt»nts over n very large r^mjjo nf rflalivo starting' 
target quantities. 

Sample Preparation Validation 

Several parameters influence the eflick-nry nf 
PC'.R amplification: magnesium and salt coneen : 
nations, reliction conditions (i.e., time unci tem- 
perature), I'Clt target size and composition, 
primer sequences, and sample purity. All of The 
above (odors are common to a single J'CR assay, 
except sample to sample purity. In an effort to 
validate the. method of sample preparation for 
the iacior Vlll assay, PCK amplification reprortne- 
ihility and oit'leiency ol 10 replicate sample 
pre] orations were, examined. After genomic DNA 
was prepared frtjm the 10 replicate samples, the 
DNA was quaniltaied by ultraviolet spectroscopy, 
Amplifications were performed analyzing (3-aciln 
gum: content in 100 and 25 ng of total genomic 
UNA. Uach l'C."K amplification was performed in 
■triplicate. Comparison of C r values for each trip- 
Hcate sample show minimal variation based on 
standard deviation and coefficient of variance 
(tabic 1). Therefore, each ol the triplicate PCR 
amplifications was highly reproducible, demon- 
Stratlng that real time PCK using this instrumen- 
tation introduces minimal variation Into the 
quantitative: J'CK analysis. Comparison of the 
mean C, values of the. 1 0 replicate sample prepa- 
rations also showed minimal variability, indicat- 
ing that each sample preparation yielded similar 
results for ft-artin gene quantity. The highest 
difference between any of the samples was 0.55 
and 0.7] for the 100 and 25 ng samples, respec- 
tively. Additionally, the amplification of cadi 
sample exhibited an equivalent rate of fluores- 
cent emission intensity change per amount of 
DNA target analyzed as indicated by similar 
slopes derived from Ihc sample dilutions (Pig. 2). 
Any sample containing an excess of a l'CU inhibi- 
tor would exhibit a greater measured p-aetln C r 
value for a given quantity of DNA. In addition, 
the inhibitor would be diluted along with the 
sample in the dilution analysis (tig. 2), altering 
the expected C,- value change. Each sample am- 
plification yielded a similar result in the analysis, 
demonstrating (bat this method of sample prepa- 
ration Is highly reproducible, with regard to 
sample purity. 

Quantitative Analvsis of a Plasmid After 

7nci? no/ «*« wj rc:iiT 7nn7/cn/7T 
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Tablo 1 . Reproducibility of Sumplo Preparation Method 



100 ng 



25 ng 



Samplo 



10 



Mean 



standard 
mtan deviation 



CV 



18.24 

18.23 

10.33 

18.33 

18.35 

1ft. 44 

18.3 

18.3 

18.42 

18.15 

18.23 

ia.32 

18.4 

18.38 

18.46 

18.54 

18.67 

19 

18.28 

18.36 

18-52 

18.45 

1B.7 

18.73 

18.18 

18.34 

18.26 

18.42 

18.57 

1 8.66 

0 10) 



1(1.27 0.06 
0.0(5 

18.34 0.07 

1 8.23 0.08 

10.42 0.04 

18.74 0.24 

18.39 0.12 

18.63 0.16 

1B.29 0.1 

18.55 0.12 

18,-12 0.17 



0.32 
0.3? 
0.36 
0.46 

0.23 

1.26 

0.66 

0.83 

0.55 

0.6S 
0.90 



20.48 

20.55 

20.5 

20.61 

20.59 

20.41 

20.54 

20.6 

20.49 

20.48 

20.44 

20.38 

20.68 

20.87 

20.63 

21.09 

21.04 

21.04 

20.67 

20.73 

20.65 

20.98 

20.84 

20.75 

20.46 

20.54 

20.48 

20.79 

20.78 

20.62 



standard 
mean deviation CV 



20.51 0.03 0.17 

?n..<»4 0.11 0.54 

20.54 0.06 0,28 

20.43 0.05 0.26 

20.73 0.13 0.61 

21.06 0.03 0.15 

20.68 0.04 0.2 

20.86 0.12 0.57 

20.51 0.07 0.32 

20.73 0.1 0.-16 

20.66 0.19 0,9-1 



(or containing a partial cDNA for human factor 
VIII, pl-'gTM. A scries of trartsfeclions was sot 
up using a decreasing amount of ihc plasinid^-iO, 
4, 0.5, and 0.1 Tw^nty-Toor hours po.M- 

trtiitsfection, total DNA was purified from each 
flask uf veils. p-Aclin £tuc quantity wa* chosen a* 
a value for normali^atiim of xcuuinic 1'JNA con- 
cuirruUon from trtsfli sample. In this cxpejimenli 
p-actm jjene content should' remain constant 
relative to roral genomic DNA. Figure :i shows the 
result of the p-actln DNA measurement (100 ng 
total DNA determined by ultraviolet spectros- 
copy) of each sample. Kach Sample was analyzed 
in triplicate and the mean |i-actin Cr values of 
the triplicates were plotted (error bars represent 
<^-»i.inrn eiwin inn t "I hp hlphpsr iliffrrrnrp 



Uotwwii any iwii samplo moans was 0.95 C,« Ten 
nanograms of total UNA of yaeli sample were also 
cxaiiiinctd for ft-actln. The results h^uJij showed 
that very similar amounts of genomic DNA were: 
present; tin: maximum mean |l actio <";, value 
difference wa.s 1 .0. As Figure 3 shows, the rate of 
P-actln C r cliat»Kv lx.twccn the 100 and 10-ng 
samples was similar (slope values r;mg« butwoen 
3.56 and - 3.45). This verifies again thai the; 
method of sample preparation yields samplo* of 
Identical PCR integrity (i.f-. «« sample contained 
an excessive amuuul of a PCft inhibitor). How. 
ever, llK-ie results Indicate thai each sample con- 
tained slight diffciencex in the actual amount of 
geiRimlr. 1>NA analyyxd. Determination of actual 
ifiiiiouiic ONA concent ration was accomplished 
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Figure 2 Sample preparation purity. 1 he replicant 
camples shown In Tabic 1 wore also amplified In 
tripicate using IS ng ol each DNA sample. The fig- 
uic shows the input DNA concentration (TOO and 
2S ng) vs. C, In th<* lignnp, ih*» 100 and 7f> ng 
points lor each sample are connected by a line. 



by plotting the mean f£-actio C, value obtained 
for t'acri 100-11(5 stuuplv uu f.-acUn standard 
mrve (shown In J'is- 4G). The actual {j*-'" 01 * 1 ! 0 
ONA concentration of cacli sumpU:, «, was ob 
talncd by extrapolation to tlic X-uxis. 

Pigurc 4A shows the measured (i.tt., nui^ 
normalised) quantities uf factor VI)] plasinid 
DNA (pI"8TM) from each of the four transient cell 
lr<i"*fct-iion.v Each reaction contained 100 tiff of 
total sample: UNA (as determined by UV spectros- 
copy). I'-ach sample wa.s uualyzcil in triplicate 
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Figure 3 Analysis of lidiisfectcd cell DNA quantity 
and purity. I lie DNA preparations of llic- lour 293 
cell transactions (40, 4, 0.5, and 0,1 jxg of pF8TM) 
were analysed for the (3-actln gents. 1 00 and 1 0 ng 
(determined by ultraviolet spectroscopy) of each 
sample were amplified in triplicate. For each 
amount of pF8TM that was transacted, the (d-actln 
C T values are plotted versus the total Input DNA 



VC.U amplifications. As shown, pl'STW purified 
ihuic Jtic 293 colts decreases (mean C, values in- 
I'TVBktti) with decreasing amounts of plasmid 
.IrutteiixlUd. The mean C k values obtained for 
pr-UTW -inTlgufC 4A were plotted on u Nland-jrd 
curve comprised of setlully diluted pK8TM, 
shown in figure 4B. The quanllly uJ pl-'KTM, i>, 
found in each of the four iransfoctloiiK was do 
tcTmined by extrapolation to the x uxk uf the 
standard curve In figure 411. Tbese. uncorrected 
values, b, for pKJfl'M were iiormMllvAid to deter- 
mine Uie actual amount of pl'8TM fenjml per 100 
rig of genomic DNA by using the equation:. 



It x 100 msj 



actual pl-BTM copies per 
100 ng of genomic UNA 



where a ■- actual -genomic ONA in u sample and 
b i_ pPHTM copies from the standard curve. The 
normalised quantity of pl'BTM per 100 ng of ge- 
nomic DNA for each of the four tr.msfcctlons Is 
shown lii h'igxnv 4JJ. 'Hic.-ie roulls .show Uiai llic 
quantity of factor vui plasiuld associated with 
the 29,1 cells, 21 Mr after trujisfvctiuii, U«i.i i:.ise:. 
wltJi decreasing uJtonmJ ujiii.eiuiatioii used hi 
tile iraiisfcdion. The quunllty of pl-'tt'l'M nsaoe]- 
atcd with 293 cells, after trunsfectlon with 40 (ig 
t>f pliiHtnid, was 35 pg per 100 ng genomic UNA. 
Tills results in -520 plasmid copies per cell. 



t>fSCUSSION 

Wo have described a now method for quantilnt- 
iiig gene copy numbers using fcsl-llmc nnulysis 
of 1'CR amplifications. Real-Umc PCK i.< awnjjai- 
Ible with cJthcir of the two PCR (KT-PCR) ap- 
proacho: (1) quantlliltive comfjclitive where an 
Inleuial compcllior for each tarj-et sequence is 
tiscU for normalisation (data not shown) or (2) 
quantitative comparative l'CR ushi(j « uuunalizci- 
tion gene contained within the sample (i.e., |3-ac- 
tin) or a "housekeeping" gene for UT-PCK. if 
equal amount'; of nucleic udd are analyzed for 
eacti sample and if the amplification ef/itiency 
before quantitative analysh ^ identical for each 
sample, the InTernal cujjlmi (mjimiili^jlion ruii- 
or competitor) should Rive equal skoals for al) 
samples. 

The real-time PCU method offers several atl- 
vantases over the other two mclhcxls currently 
employed (sec the tntroduclion). I'irst, the real- 
time I'CR method Is perfonncd in a dosed-tubc 
system and requires no post-PCR niartipulatlon 
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Figure 4 Quantitative' analysi* of pFSTM in transfccted cclli. (A) Amount of 
plasmid DMA used for I he trunsfectlon plotted against the mean C, value deter- 
minod for pf"8TM remaining br alter tronstection. (D,Q Standard curvrs of 
pf-ftTM and fi-acllr., respectively. pfBTM DNA (0) arid genomic. DNA (Q were 
diluted *Arlally 1 :S before amplification with the appropriate primeri. The fi-actin 
standard corvu wav usod to norma li>e the results of A to 1 00 fig of genomic DNA. 
(0) The amount of pF8TM present per 100 ng of genomic DNA. 



of sample. Therefore, ilu- potential for fClt con- 
tamination in the laboratory is reduced because 
amplified products can lie. amilyi'.cd and disposed 
at without opening tin' reaction tubes. Second, 
Ihis method suppoils the u.i« of a iiwrmalixatloil 
«enc (i.c, P-actin) for quantitative. PGR orhousc- 
Keping genes for quantitative RT-l'CK controls. 
Analysis Is performed i» real time during the Jog 
phase of product accumulation. Analysis during 
k»K phase permits many different genes Cover a 
wide input target range) to be analyzed simulta- 
neously, without concern of reaching reaction 
plateau at different Cycles, litis will make niulll- 
SW« analysis assays much casle.i to develop, be- 
cause individual interna] uiii<pelllui> will nut be 
needed for each gene under analysis. Third, 
sample throughput will imieasc Utaruatically 
with the new method because there is no jxjM- 
I'CR prncctslng time. Additionally, winking In a 
"G-wcll format is highly compatible with autt* 
illation technology. 

The real-lime PCR method i}. highly repro- 
ducible. Replicate amplifications can be analyzed 



for e.-u-h sample nunlmhdnc, jKMcnllHi error. The. 
systttm allows for a very large assay dynamic 
runge (approaching 1,000,000-fold starting tin- 
gel). Uaing u standard curve for the target oJ in- 
terest, rclutivc copy number values can be deter- 
mined for any unknown sample, Fluorescent 
threshold values, C„ a«it-Jair. linearly with rela- 
tive DNA copy numbers. Kea) time quantitative 
l('J*. •!'<:]< methodology (Cilbsun et al.„ this Imug) 
ha.l also been developed, finally, real time quan- 
titative 1'CU methodology can be used tw devclup 
high-throughput screening assay* for n variety of 
applications [quantitative gcilc CApieaaiuu (RT- 
rCR), gene copy assays (licr2, II IV, etc.), geno- 
typlng (knockout mouse analysis), and hvmiuiiu- 
PCRJ. • 

Real-time PGR may al.to Ik: performed using 
intercalating dyes (Hlguchi ct ul. such as 

ei-hJdium bromide. The fluorogenic probe 
method offers a major advantage over inter- 
calating dyes- -greater specificity (i.e., primer 
dlmvrs and nonspedflc PCR products are not de- 
tfvted). 
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METHODS 

Generation of <t Plasmld Containing a Partial 
cDNA Tor Human Factor VIII 

TylHl RNA v»i<» harvested (UNA*"' II from Tel 'I'm, Inc., 
r r>C'"lSYeood, TX) from cell;. I .-lsfccled ~»h a laetur VIII 
rxpresslun vector, pCISZ-ttcaS' » (Koum el ill. l"H6; Cor. 
ninn cl al. 1990). A factor VIII |«irtlal el )N A wpiemv WAS 
K <-i.«ri>«-<i by irr I'C.tt l<:<.neAmp W. t'l'lh ItNA IT.H Kll 
(part Nttorwn/y, i*b Appiu-t) hiosystems, i-wsivi Gity, <.:a)J 

using the I'Cll |>riii».-rs Ktffor »•«! l-Hrcv (|<riwi-r sequences 
are shown below), 'lite ainpllcon was reaniplifinl lislnfi 
modified Iflfor and Wrcv printers (apptiuU-d with /"twill 
and f/wdlll restriction sire sequences at iliv V Will and 
clonal l"l<> jHiHM- 3Z (IVomiiio Corp., Madison, WI). The 
rcsulllnKcl'iiir, |MH was used lor transient transfecilori 
oJ 29.1 cells. 



Amplification of Target DNA ami Duiccilon of 
Ampiicon Factor VIII Plasmid DNA 

(pFHTM) was amplified Willi lire i/ihm-is l-Hf«r S'-Cl.'C- 
Cri'GC(;AAGA«j"iXJAt&ilCjT0.-3* and I'Srev .V-AAACcri'- 
tUCWXTlXXSATOGTAGtt-.V.Tiie rettelluii ptvduved ti <S?.7s 
up tf:K product. The forward primer was dv>b;iiud lu to.- 
oynlze u unique M'ljumn- A mi id In (he .V untranslated 
region of tin: patent pClSZ.th.ZSI> plasnml <intl therefore 
does not K'vniH'iUu «»'d amplify ihv human factor VIII 
gene. Primarc woro chosen witli the- avsiftam-r- of llv ram. 
(ruler program Olis" 1." (Nntiiwutl lliuscicnces, In v., I'ly. 
mouth, MN). The luiman p-actlr\ gene was amplified with 
Hit primers (J-m-lin forward primer .1' TCAOCOACAt 71'CT 
GCCCAT07\GGA-.V and P-aclin reverse p>imer V-CAC- 
CGGAACCX:frr<:A"ri't;c:c"AA"l'CC>-3'. The reaction pro- 
duced a 2V5 hp rC'.lt product. 

Amplification reactions (SO pJ) contained <t DNA 
sample, I0X I'CR Huffur II (S jd), 200 jiM uAIT, dCl'l', 
clGTT\ and 400 iim rillTI>, 4 mM MgCl,, t.XS Units Ampll 
T<ii) r;NA polymerase, u,5 unit Ampttnsc uracil /V-j;iy- 
uMyluw (UNO), SO pinole of each focloi VIII ju-Iiik-i, and 1£ 
piKilc iif muiiIi |t xctlrt pilmor. 'I1ki icactlmtf. hImi ixinlotncd 
OHO Of the following dt'U'Clloil pmlws (KKl nu cnHi): 

i'diiroix- .4'(i'AW)Af:crrfrr<:cu<:t:Tcicrn , (-"rrr<n , c , r. 

GCOTT(TAMRA)u 3' aud p-ntiin prt>U- 5' (TAM)A'IC!C<:c:- 
X(TAMKA)CCCCCATCCCATCp-.T wlir-rr p indicates 
plirwphoryl/ilion and X Indicates a linker arm nucleotide. 
Reaction tulx.-> wrw MicniAmp Optical TuIh-s (part ftUril- 
IhtNKOI 09.1.1, l'erldn Ulnierj lliat vrtitv froeutl (at IVrfcln 
Hlnicr) to prevent ligltl from scflcctlng. Tube cap* were 
slniil.ii' to MiemAnip linps hut apcciftlly designed lo pre- 
yciii HrIh seatKTMig. All ol tli<- 1'<;U tUniAutiKihlv* weru t«j»- 
r li«d l.y PIJ Applied Hio«y»teiH!i (!'<»( er f!l(y, CA) except 
the factor Vlll printer*, wlilvh writ' jynthesbxd at (Jenvii 
tccli, Inc. (South San Prunclsco, CA). I'rohes ww d«lynv<i 
uMiig the Oliyo 4.0 software, following guldelliios 

j>csi«i in tnc Model 7700 .Sequence Ucuvtiw lii.vtitiuieiil 
manual. Hrlcny, prulje T m ihiiuld he nl least 5"C lllfiltrr 
mail tlH' anneulltix UrntpvMlnrc used during llirrmol ey- 
fltng; primers shovltl tiol futm »t«hlv duplexes' wilh Hie 
prohr. 

The thenunl cycling conditkuvs Included 2 ndn nt 
5t)'(": and 10 min at 95°C. Ilira-mal cycling proeerdrd with 



reaction* wore perfontied in the Model 770(1 .Scqucncf IX- 
Ittlor (rU Apphed UlusysUunv), wlilcb cuntalui * Ccne- 
Anit> 1'< :U Sy&lum 1>«X). Ucat:tlon cmiditiou« w<-rt- pro. 
RruiliiiteU un .1 I'www M»ciiiln«l> V10() (Apple Osmpiilfr, 
Santa Clara, t^\) linked directly to the Model Wtlo 
t)ucncv Uclector. Ana'y»l> »>' data w»« alw.i i«<rf»«m«l tin 
the Mn-lntosh computer, f Vtllortlon and analyelt tnfiware 
vnx* develo|ie<l »t llv Applied Wosy^Unns. 

Traiwfection of Cells with Factor VIII Convtruii 

1-Vmr T17S flasks of 293 cells (ATtX: C.R1. 157H), a human 
fctol kidney si^petision call Hue, were Sf" 1 con- 

lluomy and tr*n«fe«vd pl'IffKi. Celli were K"' w » 111 
rolltiwlttg utedlft! S(W> HAM'S V\2 without GUT, 50% Itmi 
glucose DvtJlK.'tXD's modlflrd V&xio incdiutu (UMKM) with- 
out Rlydnu witli sodium bicarhunato, 10% letal kKtvine 
scmwi, 2 ttiM L-j?lul<«iniiic, and 1% penicillin-strcptomy- 

lln. The media rroj dl»n(,' cd 30 roln heftw the Iranstcc 
lion. pPUTM DNA imounti of 40, 1, OS, and 0.1 mi were 
iidtttitl io 1..S ml of a soltitltni contalnlnR O.ia-i m CU>a % - 
and 1 x I! WHS. The four mixtures were left at room ti-t"- 

|.Kin>t«jri- fru 10 mill and llv.il iid«lvd dmpwlsc- to the cells. 
"Hiw n«>y» «vt»-,'.fit."l*it>.-d al 37°C:'and » CX\ for 24 hr, 
washed with PWS, n»d rosuspended In PltS. The tt'Ktin 
jA-inkxl cdli -were divided into »Ut|u<>(.i and liNA was 
tnicted linincdlutcly mini! the QiAuiup KUkkI Kit (Qiapen. 
aiflts-rvortl), CA), l>NA wiis elided Into 200 pi cl 20 i«u 
•IVls-lIC) ol pll «.(>. 
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